The influence of the local stress state and crystallinity of graphite on the graphite -diamond transformation process was investigated using a laser -heated diamond anvil cell and two types of graphite samples with contrasting crystalline characteristics. The samples recovered from the experiments using highly oriented graphite (HOG) have layered structures composed of lonsdaleite and diamond arranged in a coaxial relation, indicative of their martensitic formation from graphite. The compression of HOG perpendicular to the graphite c axis results in a partial fragmentation of the original layered structure, but no clear evidence of diamond formation by the diffusion process is found even in the fragmented regions. On the other hand, the sample recovered from the experiment using mechanically milled graphite powder consists of euhedral diamond nanocrystals (size: 20 -50 nm), indicating that the diamond is formed by the diffusion process. The results of the present study suggest that the graphite -diamond transformation process and the resulting microstructures are controlled mainly by the initial structure characteristics (such as crystallinity and crystallite size) of the graphite, while the influence of the local stress state in the graphite under compression is likely less significant for the formation process and the microtexture.
INTRODUCTION
The high -pressure synthesis of diamond from graphite and various other carbon sources has been extensively studied for several decades and widely applied for industrial and scientific purposes. Recently, a breakthrough was made in the synthesis of pure polycrystalline diamond by the direct conversion of graphite without any catalysts under static high pressure (12 -25 GPa) and high temperature (1800 -2500 °C) (e.g., Irifune et al., 2003; . The obtained polycrystalline diamond is optically transparent and has an ultra -high hardness comparable to or even higher than that of single -crystal diamond due to the absence of cleavage . A microstructure analysis of the polycrystalline diamond showed that it has a mixed texture of a homogeneous fine structure and a lamellar structure. The former structure consists of randomly oriented equigranular diamond crystallites of several tens of nanometers, whereas the latter consists of elongated layered crystals extending up to a thickness of several hundreds of nanometers and stacked along the <111> direction . suggested two different processes for the graphite -diamond transition in the formation of the nanopolycrystalline diamond (NPD) to account for the origin of the unique microstructure. One is a diffusion process in which the nucleation and crystal growth of diamond takes place via the diffusion of carbon atoms, and this process is likely responsible for the formation of the homogeneous fine structure composed of euhedral nanocrystals. The other process is a martensitic (diffusionless) process in which the phase transition proceeds by the rearrangement of atoms, maintaining the original structural framework of graphite through the formation of lonsdaleite as an intermediate (Bundy and Kasper, 1967) . Lonsdaleite is a hexagonal (2H) polytype of diamond (so -called "hexagonal diamond") and consists of carbon atoms stacked in an AB sequence along the c axis (while cubic diamond (3C) has an ABC stacking sequence). It is thermodynamically metastable and has been found only in meteorites and impact craters (e.g., Frondel and Marvin, 1967) , while in laboratories, it can be obtained by the application of high pressure (Utsumi and Yagi, 1991; Yagi et al., 1992; Ona et al., 2008) . The martensitic process appears to play a major role in the formation of the lamellar structure of NPD, since coaxial relationships among graphite <002>, lonsdaleite (L) <100>, and diamond (D) <111> were observed along the stacking direction, suggesting that the lamellar structure originates from the planar -sheet structure of graphite. further assumed that the two types of transition processes are controlled by the local stress state of graphite under pressure; the diffusion process is dominant when a stress is applied perpendicular to the stacking direction of graphene layers, while the martensitic process is favored when a stress is applied parallel to the stacked graphene layers. They assumed that the difference in the stress states of individual graphite particles constituting a polycrystalline aggregate (the starting material for their experiments) leads to different conversion processes (diffusion or martensitic) resulting in the formation of the observed mixed microtexture of the NPD.
However, the result of a recent experimental study carried out by Guillou et al. (2007) showed that the graphite -diamond transition process and its kinetics depend on the structural state of the initial carbon sources rather than on the microtexture influenced by the possible local stress effect. Thus, the factors controlling the diamond formation process has not been well understood.
In this study, we experimentally investigate the influence of the local stress state and crystallinity of graphite on the graphite -diamond transition process in order to understand the origin of the unique microstructure intrinsic to ultra -hard NPD.
MATERIALS AND METHODS
High -pressure and high -temperature experiments were conducted using a diamond anvil cell (DAC) equipped with 250 -or 350 -μm culet diamonds (natural type Ia). Two types of graphite samples with contrasting crystalline characteristics were used as starting materials to investigate the influence of the crystallinity and crystallite size of graphite on the graphite -diamond transformation process. One was highly oriented graphite (HOG) sheets obtained by the pyrolysis of a polyimide film (Murakami et al., 1992) , which is characterized by a high degree of c axis alignment and structural order. The other was mechanically milled graphite powder prepared from highpurity graphite (Sumiya and Irifune, 2006) , which consisted of flake -like fragmented particles with lengths of 10 -150 nm and thicknesses of <1 -10 nm (along the c axis) and showed obviously poor crystallinity in both micro -Raman and X -ray diffraction analyses. Block samples with dimensions of φ80 × 45 μm and 70 × 70 × 45 μm were laser cut from HOG sheets with thicknesses of 45 and 70 μm. Each sample was loaded into a sample chamber drilled in a pre -indented Re gasket so that the graphite c axis (i.e., the surface normal of HOG) was oriented (1) parallel or (2) perpendicular to the loading axis of the DAC. Compressing the samples in such geometries in the DAC induced different stress fields on the graphene sheets (basal planes of graphite) under high pressure. The results of these experiments were compared with each other to investigate the effect of local stress on the graphite -diamond transformation. A disk pellet of platinum powder was used as an absorbent for the laser beam, except in the experiment in which powdered graphite was used. Each sample was compressed to 50 -55 GPa at room temperature and heated to ~ 2000 K for 20 min using a fiber laser (SPI lasers, Ltd., SP -S -100BE, λ = 1072 nm). Pressures were measured by the ruby fluorescence method and from the diamond Raman shift (Akahama and Kawa mura, 2004) , and temperatures were determined by spectroradiometric measurements or estimated by the visual observation of the light emitted from the sample during heating. The error in the temperature determination in such a double -sided laser heating system in the DAC has been estimated to be typically ±200 -300 K (Shen et al., 2001) . After quenching from high temperature, the sample was decompressed to ambient atmospheric pressure.
Samples recovered from the experiments were coated with gold and transferred to a focused ion beam (FIB) system (JOEL JEM -9310FIB) to prepare thin foils for transmission electron microscopic (TEM) observation. The detailed procedure of FIB milling used for the TEMfoil preparation has been described elsewhere (e.g., Irifune et al., 2005) . A foil with dimensions of approximately 10 × 7 × 0.1 μm was cut out from the center (laser -heated spot) of each sample and was examined by using a TEM (JEOL JEM -2010) operated at 200 kV. Figure 1 shows TEM images of the samples recovered from the two experiments using HOG, conducted at around 55 GPa and ~ 2000 K; one sample was compressed along the graphite c axis (sheet plane normal of HOG) and the other was compressed perpendicular to the c axis. The former sample had a layered structure (Figs. 1a and 1c) similar to that of the starting material. A selected -area electron diffraction (SAED) study of the sample revealed that it consists of a mixture of lonsdaleite and a small amount of diamond and graphite, all arranged in coaxial relations to each other along the stacking direction of the sheet layers. Lonsdaleite <100> and graphite <002> are observed to be coaxial-this is in agreement with earlier observations and suggests the martensitic formation of lonsdaleite from graphite (Bundy and Kasper, 1967) . High -resolution TEM (HRTEM) imaging revealed a number of kink bands cutting across the (100) lattice fringes of lonsdaleite within the individual sheets (inset of Fig. 1c ). It appears that these kink bands result in highcontrast stripes running perpendicularly across the sheets in low -magnification images (Fig. 1c) . Similar kinks are also observed in graphite (002) fringes in the case of the HOG sample that was compressed parallel to the c axis under high pressure (>30 GPa) and quenched to ambient pressure without heating the sample (H. Ohfuji, unpublished data, 2009) . By considering these textural features and the coaxial relation, the observed kink bands in lonsdaleite are likely relics of those formed originally in graphite as a result of local shear deformation during room temperature compression. This is also indicative of the martensitic process. The SAED pattern also exhibits a coaxial relation between L <100> and D <111>, which is consistent with the case previously reported by , suggesting that the lonsdaleite -diamond transformation is also martensitic.
RESULTS AND DISCUSSION
On the other hand, the product obtained from the experiment wherein the sample was compressed perpendicular to the c axis consists of a mixture of layered structure domains and a mosaic matrix (Fig. 1b) . The layered domains are structurally identical to the layered sheets observed in the product obtained from the experiment in which parallel compression was applied (Fig. 1a) , and these domains consist of lonsdaleite and cubic diamond arranged in a coaxial relation, although they have been significantly distorted and folded due to the deformation during compression. The mosaic matrix consists of a mixture of small grains (with sizes of the order of several tens of nanometers) of lonsdaleite and diamond, which appear to be formed by the fragmentation of the layered crystals, although their grain boundaries are not clearly visible (Fig. 1d) . Careful SAED analyses confirmed that the coaxial relation between L <100> and D <111> is also observed in most of these fragmented grains. The formation of euhedral diamond crystals, which indicates crystallization due to diffusion, is not observed in the mosaic matrix. Figure 2 shows an SAED pattern obtained from a layered domain shown in Figure 1b . The pattern is reasonably interpreted as a superposition of two reciprocal lattice patterns of lonsdaleite and diamond, as shown in the simulated ED pattern (Fig. 2b) . Our observation suggests that not only L <100> and D <111> but also L <001> and D <110> are arranged in a coaxial relation. This eliminates the possibility of diamond formation simply by the epitaxial growth toward <111> on pre -existing {100} lonsdaleite faces, which can also produce ED patterns indicating the coaxial relation (e.g., even though other axes are randomly distributed, and therefore the transformation process is considered to be martensitic. Figure 3 shows dark -field images of the layered structure formed by (a) lonsdaleite 100 and (b) diamond 111 diffraction spots, which are closely spaced (Fig. 1c) . Note that diamond is also present as layered sheets (thickness: <10 μm) parallel to the surrounding layered crystals of lonsdaleite, suggesting that the martensitic diamond formation proceeds faster in the lateral direction. The favorable formation of lonsdaleite from HOG under static high pressure and high temperature has recently been observed by Guillou et al. (2007) and Ona et al. (2008) using X -ray diffraction, but no microstructural examinations have been carried out thus far. This is probably the first description of the microstructural features of "bulk" lonsdaleite using (HR)TEM, which clearly shows the microstructural development and lattice relations involved in the martensitic conversion of graphite to lonsdaleite and diamond (Figs. 1 -3 ). The lamellar structure observed in the NPD (e.g., Irifune et al., 2003) is considered as a relic of layered crystals of lonsdaleite formed in a similar manner. TEM images of the sample recovered from the experiment in which mechanically milled graphite powder was compressed to ~ 50 GPa and heated to ~ 2000 K are shown in Figure 4 . The sample consists of cubic diamond crystals with euhedral morphology and grain sizes of 20 -50 nm. The SAED pattern obtained from almost the entire area shown in Figure 4a displays a ring pattern, indicating a random orientation of these crystals. These textural features are well comparable to those of the homogeneous fine structure of NPD synthesized using a largevolume press (e.g., Irifune et al., 2003; , and can be attributed to diamond formation via the diffusion process. Neither layered domains (lamellar structure) nor lonsdaleite are formed.
The results of the present study show that the diffu- sionless martensitic process is exclusively responsible for the diamond formation when highly crystalline HOG is used as an initial material, while the diffusion process is favored when mechanically milled graphite powder is used. This shows that the crystallinity of the starting material strongly affects the graphite -diamond conversion process. Similar conclusions were recently reached in previous experimental studies on diamond synthesis from non -graphitic carbons such as glassy carbon, C 60 , and carbon nanotubes (Sumiya et al., 2006; Sumiya and Irifune, 2007; Guillou et al., 2007) and also from poorly crystallized quasi -graphitic materials (Guillou et al., 2007) . The reason for the predominant diamond formation from these carbon sources by the diffusion process can be explained by the relatively high abundance of sp3 -hybridized bonds in such carbon materials at structural defects and at crystal surface termination, which lowers the activation energy required for diamond nucleation (Guillou et al., 2007) . However, the detailed microtexture of the initial carbon sources or the synthetic products used in previous studies has not been reported. In the present study, we examined the microstructural features of both the initial graphite samples and the experimental products and directly confirmed the formation of 20 -50 nm diamond crystals (Fig.  4 ) exclusively via the diffusion process when graphite powder with grains sizes of lengths: 10 -150 nm and thicknesses: <1 -10 nm is used. This in turn implies that graphite crystals with sizes equal to or smaller than these dimensions do not undergo the martensitic transformation under the studied P -T conditions. Since a certain crystalline framework is required for the martensitic transformation to occur, the high aspect ratio of the graphite particles due to the (001) cleavage implies that the transformation process depends more on the thickness of the flakes (the crystallite size along the c axis) than on the lateral extent of individual graphene layers. The abundance of dangling bonds (sp3 -hybridized carbons) on the surface of these nanocrystalline graphite particles likely plays an important role in accelerating the spontaneous nucleation of diamond nanocrystals. In this study, the experiments were carried out at ~ 50 GPa, because at pressure equal to and above this, the deformation and fragmentation of the graphite sheet structure and the local breakdown and distortion of the longrange order in graphenes are accelerated significantly when HOG is compressed perpendicular to the c axis in a DAC (H. Ohfuji, unpublished data, 2009 ). The fragmentation of the sheet structure under stress fields was indeed observed (Figs. 1b and 1d ), but no clear evidence of diamond formation by the diffusion process was found even in the fragmented regions. This result suggests that the influence of the local stress in graphite on the formation process and the resulting microstructure of diamond is not significant. Figure 5 shows a TEM image of polycrystalline graphite that is commonly used for NPD synthesis using a large -volume press (cf., Irifune et al., 2003) . It consists of a mixture of well -crystallized relatively large grains (sizes: up to 1 μm) and nanocrystalline grains (length: 30 -100 nm and thickness: 1 -10 nm). From the microtexture of polycrystalline graphite, it can be deduced that the two types of microstructures (lamellar structure and homogeneous fine structure) of NPD have originated from the initial microstructure of graphite used as starting materials. That is, during the NPD formation, large graphite crystals are directly converted to the lamellar structure by the martensitic process, while fine nanocrystals form the homogeneous fine structure by the diffusion process. The local stress state in graphite under high pressure does not appear to play a major role in producing the unique microstructures. The hardness and deformation properties of NPD strongly depend on the microstructures, particularly on the existence of the lamellar structure (Sumiya and Irifune, 2007) . The results of the present study suggest that the microtexture of NPD can potentially be controlled by using graphite sources with different crystalline states (i.e., crystallinity and crystallite size). used for NPD synthesis using large -volume press. This graphite consists of a mixture of relatively large crystals (indicated by white arrows) and very fine crystals (black arrows) of graphite.
